New scheme of a real-time all-optical switching (AOS) was demonstrated as the fluorescence signal of cesium twophoton transition (TPT) with the control field. This work explored the optical phenomenon of the TPT with the control field that shares a common excited state, in which the TPT fluorescence is quenched under the control field intensity. The strong stimulated emission due to the control laser suppresses the TPT fluorescence, working as an optical switch. A "NOT gate" is generated for realization of AOS. The power spectrum of the intensity range, which can be used for the AOS, is determined.
INTRODUCTION
All-optical switching (AOS) can be regarded as an optical signal whose on/off state is fully controlled by another light field. The concept of AOS by quantum interference was proposed by Harris and Yamamoto [1] and was realized in an alkali atomic vapor cell by Dawes et al. [2] . Recently, an all-optical switch at a single photon level was demonstrated for the first time by Chen et al. [3] . One stored gate photon controls the resonator transmission of subsequently applied source photons. The electromagnetically induced transparency (EIT) is a well-developed approach to creating strong photon-photon interactions [4] . AOS using an electromagnetically induced absorption grating (EIG) can be formed by a weak probe beam interacting with a strong standing wave coupled in a threelevel system [5] . More recently, AOS based on EIT has been realized in an atom-filled hollow fiber with light pulses containing only a few hundred photons [6, 7] . All-optical phase control was also experimentally demonstrated as EIT-based cross-phase modulation [8] . Using a coherent control field to manipulate the two-photon absorption may have some applications, such as two-photon lasing or enhancing the nonlinear coefficient χ 2 in the gain media [9] . Optical switching means that the on/off status of one photon flow is controlled by another photon flow. In this work, a real-time AOS was demonstrated using the signal of two-photon transition (TPT) under a control field. This process depends on a nonlinear optical interaction and induced stimulated emissions to obtain a large quenching effect on the TPT scheme. The control laser frequency was locked to the derivation signal generated from an external cascade-type EIT while scanning a probe laser to reach TPT. This approach is not complicated, does not require strong atom-atom interaction, e.g., Rydberg atoms, or strong atom-light coupling, e.g., cavity. With this, we showed a large quenching effect on the target signal, the fluorescence photon flow. The TPT is the nonlinear optical interaction, and the proposed AOS time is not limited by the lifetime of excited states but by the response time of the on/off control. This protocol might allow fast switching. Due to the weak transition probability, the TPT ceases while the control laser is on. Therefore, we create a background-free condition to a high extinction ratio of AOS.
Considering the interaction process, a Λ-type three-level atomic system, which was acted upon by two laser fields, is shown in Fig. 1 . Resonant direct two-photon absorption through a virtual state is induced by a probe beam driving the transition of j6S; F 4i → j8S; F 4i with frequency ωp and detuning Δp. The other laser beam denoted as control laser is on resonance to the transition of j8S; F 4i → j6P; F 5i. Without the presence of the control laser, the system is typically a TPT of Cs 6S 1∕2 to 8S 1∕2 at 822 nm. The interaction medium is natural cesium atoms inside a temperature controlled vapor cell.
EXPERIMENTAL SETUP
A schematic diagram of experimental setup is shown in Fig. 2 . In this experiment, a single-mode ring-cavity Ti:sapphire laser (Coherent 899-29, 200 mW) was employed for exciting the TPTs of Cs atoms. The laser frequency was locked to an error signal obtained from a thermo-stabilized reference cavity and its root-mean-square linewidth is about 500 kHz. The laser power in the interaction region within the Cs cell is adjusted by using the neutral density filters. An optical isolator was placed in front of the Ti:sapphire laser to avoid the direct reflected light feedback to the laser cavity. A 100 mm long cesium cell was placed between two plane-convex lenses with confocal geometry to enhance the intensity of the TPT. The beam diameter at the center of the interaction region was about 68 μm. The cesium atoms were maintained under a saturated vapor pressure inside Pyrex cell, which was temperature-stabilized to within 0.1°C. The cell body temperature was typically maintained at 65°C, and the finger part was kept 10°C lower than that of the cell body to avoid coating on the window. In order to isolate the environmental magnetic field, a three-layer μ metal shielding was covered outside the glass cell with maximum attenuation of 200. The background of scattered light was reduced by adding two notch filters centered at 460 nm and a slit in front of the photomultiplier tube (PMT). The detailed descriptions were referenced to our previous articles [10, 11] .
The frequency of the control laser (λ 794 nm) was locked on the selective Cs transition (j6P 3∕2 ; F 5i → j8S; F 4i) by an external cascade-type EIT signal with another frequencystabilized external-cavity diode laser (ECDL) at 852 nm (locked-box in Fig. 2 ). First, this frequency of the 852 nm ECDL was locked on Cs D2 line (j6S; F 4i → j6P 3∕2 ; F 5i) using the technique of saturation absorption spectroscopy [12] . Second, partial output from a frequency-stabilized 852 nm ECDL was coupled into another cesium cell with the laser field from a 794 nm ECDL. The transmittance of the 852 nm laser beam was monitored while scanning the 794 nm laser frequency. The EIT peak can be observed when the laser frequency of 794 nm laser is on resonance at transition of j6P 3∕2 ; F 5i → j8S; F 4i [12] . Finally, the error signal was obtained by the first derivation signal of EIT dip and fed back to the laser; then the frequency of the 794 nm ECDL was locked on this selective Cs transition.
Enhancement and suppression on the TPT are observed in the recorded spectra. The effect on the enhancement or suppression of the two-photon absorption was investigated under a different intensity of probe TPT and control fields. This suppression phenomenon can be regarded as destructive quantum interference between different channels in the TPT. It can be understood as the intermediate dressed state coupled by the control field [13, 14] . The enhancement on the wings of the TPT is due to nonlinear optical interactions of the laser fields coupled to the same final state. The data analysis and theoretical explanation of the phenomenon were described in [8] . To understand the possible laser intensity of probe and control fields for the best optical switching result, a series of TPT signals under varied probe intensities were investigated with a fixed control field.
RESULTS AND ANALYSIS
The dip is the inhibition on the TPT created by the control field and indicated by the blue arrow. The asymmetry on the red detuned curve of the TPT is due to the off resonance frequency lock (blue detuned curve) of the control laser and both lasers interact with atoms of the same velocity group. These signals are much wider than that of pure TPT only (see Fig. 4 ) since the presence of the control field creates optical nonlinearity of the medium. When the probe laser power is below 5.5 W∕mm 2 , the population of Cs 8S level had been almost captured by the control field and left no cascade spontaneous decay through 7P. The broadening of the TPT signal can be derived as possible nonlinearity created by the control field. Although changing the probe field intensity will change the 8S population, the signal ceased at the probe laser intensity below 5.5 W∕mm 2 because the population of the 8S level is stimulated to the 6P level by the control field (j8S; F 4i → j6P; F 5i) compared with the transition with the population of 8S level spontaneously decaying into 7P and 6P levels. Apparently, the control field dominates the transition for the probe power lower than 5.5 W∕mm 2 and creates a good control for AOS. A double Lorentzian model is also used to analyze this Λ-type TPT EIT spectra, and results similar to those in the V-type TPT EIT in our previous paper [8] were found.
A highly linear dependence (red line: linear fit) between the area intensities of controlled TPT fluorescence signals and probe intensity is shown in Fig. 3(b) . One can derive the TPT transition rate under a control field using the following scheme: Since the coupling rate from Cs 8S-6P transition is fixed under a constant control laser power, the area intensities of TPT fluorescence signals can be regarded as the total photon numbers generated from Cs 8S-7P transitions. One can derive the Rabi frequency induced by the probe laser intensities Cs 6S-8S. For the energy diagram of the excited 8S state as shown in Fig. 1 , the population increased by the TPTs with the atomic transition rate due to two-photon absorption is linearly proportional to the laser intensity at low-intensity regime [15] . The linear dependence of a two-photon process initially predicted in Javanainen and Gould [15] , and also by Gea-Banacloche [16] , and observed in Cs by the group of Georgiades [17] hinges on excitation by correlated photon pairs, as with parametric downconverted or squeezed light. Since TPT has a weak transition probability, the population of the ground state (N 6S ) can be regarded as infinity and does not change during the interactions; therefore the transition rate of the excited state (N 8S ) also increases linearly with the laser intensity, dN 8S ∕dt tpt σ2N 6S It∕hν, where σ2 is the cross section of TPTs. On the other hand, the population also decreases due to the spontaneous emission, and the transition rate of the spontaneous emission dN 8S ∕dt sp N 8S A 8S→6P N 8S A 8S→7P is dependent on the photon lifetime of energy levels [18] . Without the control field, the typical cascaded fluorescence signals (shown in Fig. 4) can be observed from the 8S → 7P → 6S or 8S → 6P → 6S transitions in our experimental scheme. When the control laser is on, it will induce a strong stimulated transition from 8S → 6P with transition rate of dN 8S ∕dt st N 8S B 8S→6P ρω 8S→6P . If the control laser intensity ρω 8S→6P is fixed, the total decay rate from the 8S excited state is dN 8S ∕dt dN 8S ∕dt sp dN 8S ∕dt st N 8S A 8S→6P N 8S A 8S→7P N 8S B 8S→6P ρω 8S→6P ; here the area intensity (N 8S→7P ) represents N 8S A 8S→7P . Under the steady-state condition (dN 8S ∕dt 0), 2σ2N 6S ∕hνIt N 8S→7P N 8S→6P , the area intensity is a linear function of the probe laser intensity.
In Fig. 4 , the spectra show a dramatic change when the control laser is turned on. The black curve is the typical TPT signal pumped by a 20 mW, 822 nm laser beam (laser intensity: 5.5 W∕mm 2 ) when the control laser power is off (0 W∕mm 2 ). When the control laser was turned on and coupled into the cell, the TPT signal was erased as shown in the red curve. With the 5.5 mW∕mm 2 control field, this extinction ratio, namely (fluorescence signal with control field)/(fluorescence signal without control field), is 0.011. A nearly zero extinction ratio would indicate perfect switching.
In the Λ-type EIT scheme, the control field and the probe field share common excited energy level, 8S level. The probe field induced TPTs, not one-photon absorption, and had a relatively weak cross section. The control field induced a strong stimulated emission from the 8S → 6P transitions, pumping out the population of the 8S level, and then resulted in few photons generating from the 8S → 7P → 6S transitions. Using the control field induced the fluorescence quenching and can be regarded as the real-time AOS. The TPT is a nonlinear optical process, the transition rates and the photon lifetime are determined by the laser intensities, not the natural lifetimes between the interaction levels. To realize the AOS, both laser fields have to stabilize at their resonance transitions: a TPT for probe laser at Cs 6S-8S and an external Cascade at Cs 8S-6P for the control laser. Then a "NOT gate" of the TPT fluorescence will be followed with the control laser field. There are two ways to intensity modulate the control field: (1) Using an acoustical-optical modulator (AOM), the typical raising time for AOM can be as short as a few nanoseconds to amplitude modulate the control laser field. (2) Using current modulation, from below threshold to the operation current, the control laser (ECDL) can also perform as the AOS control. The switching time can be in the nanosecond regime.
CONCLUSION
In this work, we proposed the new AOS scheme based on the TPT with a control field. Although the optical switching means that the on/off of one photon flow is controlled by another photon flow, in our experimental scheme, TPT fluorescence is strongly suppressed once the control field is turned on. The photons of TPT fluorescence is generated by another atomic transition path, not the signal photon (probe field). But the photon flow generated by Cs 7P-8S transitions can be fully turned off when the control field is on. This controlled twophoton transition (TPT) essentially works as an optical switch. Due to the nonlinear optical interactions in TPT, the AOS time is not limited by the lifetime of excited states but is limited by the response time of optical instruments, such as direct current modulation of ECDL or external modulations from an AOM. Power spectra also provide the operation conditions for both probe and control fields. However, there is no limit on the power levels; the lower probe power can also reduce the control power for quenching the TPT.
